Taylor & Francis
Taylor & Francis Group

DRUG
DELIVERY

Drug Delivery

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/idrd20

Research progress of ophthalmic preparations of
immunosuppressants

Ye Liu, Haonan Xu, Na Yan, Zhan Tang & Qiao Wang

To cite this article: Ye Liu, Haonan Xu, Na Yan, Zhan Tang & Qiao Wang (2023) Research
progress of ophthalmic preparations of immunosuppressants, Drug Delivery, 30:1, 2175925,
DOI: 10.1080/10717544.2023.2175925

To link to this article: https://doi.org/10.1080/10717544.2023.2175925

© 2023 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

ﬁ Published online: 10 Feb 2023.

N
CJ/ Submit your article to this journal &

||I| Article views: 110

A
& View related articles &'

PN

(!) View Crossmark data (&

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=idrd20


https://www.tandfonline.com/action/journalInformation?journalCode=idrd20
https://www.tandfonline.com/loi/idrd20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/10717544.2023.2175925
https://doi.org/10.1080/10717544.2023.2175925
https://www.tandfonline.com/action/authorSubmission?journalCode=idrd20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=idrd20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/10717544.2023.2175925
https://www.tandfonline.com/doi/mlt/10.1080/10717544.2023.2175925
http://crossmark.crossref.org/dialog/?doi=10.1080/10717544.2023.2175925&domain=pdf&date_stamp=2023-02-10
http://crossmark.crossref.org/dialog/?doi=10.1080/10717544.2023.2175925&domain=pdf&date_stamp=2023-02-10

DRUG DELIVERY
2023, VOL. 30, NO. 1, 2175925
https://doi.org/10.1080/10717544.2023.2175925

Taylor & Francis
Taylor &Francis Group

RESEARCH ARTICLE

8 OPEN ACCESS ‘ N Checkforupdates‘

Research progress of ophthalmic preparations of immunosuppressants

Ye Liu?, Haonan Xu?, Na YanP, Zhan Tang®¢

and Qiao Wang?©

aSchool of Pharmacy, Hangzhou Medical College, Hangzhou, Zhejiang, 310013, China; "Department of Pharmacy, Jin Hua Municipal
Maternal and Child Health Care Hospital, Jinhua, Zhejiang, 321000, China; “Key Laboratory of Neuropsychiatric Drug Research of Zhejiang
Province, Hangzhou Medical College, Hangzhou, Zhejiang, 310013, China

ABSTRACT

Immune ophthalmopathy is a collection of autoimmune eye diseases. Immunosuppressants are
drugs that can inhibit the body’s immune response. Considering drug side effects such as
hepatorenal toxicity and the unique structure of the eye, incorporating immunosuppressants into
ophthalmic nanodrug delivery systems, such as microparticles, nanoparticles, liposomes, micelles,
implants, and in situ gels, has the advantages of improving solubility, increasing bioavailability,
high eye-target specificity, and reducing side effects. This study reviews recent research and
applications of this aspect to provide a reference for the development of an ophthalmic drug

delivery system.

1. Introduction

Various immune disorders are caused by immunopathological
changes in the eye, collectively known as immune eye dis-
eases, which include corneal transplant rejection, uveitis,
age-related macular degeneration, retinitis, diabetic retinop-
athy, and macular edema. The human eye comprises ana-
tomical structures and physiological barriers that prevent the
drug from reaching the pathological site (Madni et al., 2017).
There are several administration methods, such as local drip
application and local injection (anterior chamber, subcon-
junctival, and vitreous). As injections are risky, drips in the
anterior segment are the most accepted by patients, espe-
cially for chronic eye diseases that require long-term treat-
ment. Drip administration could also utilize a non-corneal

route (sclera) for retroocular delivery. Therefore, molecules’

water solubility determines their transport through the sclera
and their ability to escape conjunctival blood and lymphatic
washout (Aydemir et al., 2004).

Immunosuppressants are a large class of chemical drugs
that inhibit abnormal immune responses of the body and
the proliferation of immune response cells (macrophages,
such as T cells and B cells) by suppressing antibody produc-
tion (Liu et al,, 2016). In organ transplantation, postoperative
immune rejection can inhibit the expansion and proliferation
of cytokines. Inhibiting autoimmune responses can happen
at many levels, including cell subsets, cytokines, and immune
cells (Wang et al., 2021). It has been shown that immuno-
suppressive drugs can reduce rejection of transplanted
organs, increase graft survival rates, and extend the life span
of recipients (Bauer et al.,, 2020). When combined with
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antibiotics, it has the ability to effectively inhibit inflamma-
tion. Furthermore, immunosuppressive agents are effective
in the treatment of cancer (Rollan et al, 2022) and some
diseases caused by abnormal autoimmunity (Jayatilleke,
2022). Comparatively to other therapies, immunosuppressive
therapies target immune cells, specifically regulating their
immune response. Some researchers have studied the disor-
ders of neuromyelitis optica pedigree during pregnancy.
According to the findings, women without immunotherapy
were more likely to recur the disease in the early postpartum
period, and postpartum disability was more severe (Shi et al,,
2017). Immunosuppressive therapy during pregnancy and
postpartum can reduce the risk of recurrence and the degree
of disability. Besides, researchers have used immunosuppres-
sive therapy to treat patients with aplastic anemia secondary
to cancer chemotherapy or radiotherapy, and 50% of patients
have alleviated their aplastic anemia (Nakagawa et al., 2021).
The overall survival rate was significantly different from that
of patients without immunosuppressive therapy (p <0.05).
Immune rejection caused by organ transplantation (includ-
ing corneal transplantation) is most commonly treated
through systemic administration, such as oral administration,
which is prone to causing systemic immunosuppression and
serious adverse reactions. The immunosuppressants may
show organ specificity and/or systemic toxicity, such as hepa-
torenal toxicity, hypertension, new endpoint diabetes after
transplantation (NODAT) or post-transplant diabetes media
(PTDM) (Davidson et al., 2003), dyslipidemia (Laish et al.,
2011, Lucey et al., 2013), increased risk of cardiovascular
disease (Wojciechowski & Wiseman, 2021). Additionally, they
also have been implicated in the pathogenesis of diabetes,
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hypertension, hyperlipidemia, and cosmetic stigma.
Immunosuppressants mainly include corticosteroids, alkylat-
ing agents, antimetabolic agents, calcineurin inhibitors and
mammalian target of rapamycin (mTOR) inhibitors. Table 1
listed the classification of immunosuppressants, representa-
tive drugs and typical adverse reactions. Antibiotics are also
required in organ transplantation to prevent infection, which
may weaken immunity. Antimetabolic drugs are mainly used
in severe patients, which can directly kill immune cells. They
have a great inhibitory effect, accompanied by a great num-
ber of side effects, such as gastrointestinal superset, cytope-
nia, and hepatitis. Alkylating agents increase the risk of
cancer related mortality. Therefore, it is recommended that
the duration of alkylating agent treatment should not exceed
18 to 24 months (Guillevin et al., 1997). Besides, the side
effects of corticosteroids are mainly manifested in the devel-
opment of obesity, glucose intolerance, osteoporosis, isch-
emic necrosis, linear growth disorder (children), glaucoma,
cataract, myopathy, and neuropsychiatric complications after
transplantation (Danovitch, 2005). The acute toxicity of cal-
cineurin inhibitors includes hypertension, renal dysfunction,
and neurological disorders such as tremor and seizures
(Bennett et al., 1996). Moreover, they play a role in the devel-
opment of diabetes, hypertension, hyperlipidemia (Nankivell
et al.,, 2003). mTOR inhibitors can lead to hyperglycemia,
dyslipidemia, neurotoxicity, stomatitis, poor wound healing,
pneumonia, vascular edema, lymphedema, Osteonecrosis
(Nguyen et al., 2019).

Although these immunosuppressants cause many side
effects, some drugs are not recommended for clinical use.
For examples, antimetabolic drugs cause too much harm to
the human body. It is rare to use antimetabolic drugs as part
of immunosuppressive therapy. The risk of alkylating agents
to cancer has led people to advocate non alkylating agents
(Jabs, 2018). In addition, the main risks of corticosteroid use
in the eyes are cataract, infection tendency and elevated
intraocular pressure, which may lead to glaucoma (Burkholder
& Jabs, 2021). As compared to the first three, this calcineurin
inhibitor and mTOR inhibitor have relatively few side effects,
including hepatotoxicity, hypertension, bone necrosis and
other systemic side effects. The preparation of local eye nano
preparation can better increase the eye targeting and reduce
the side effects on the whole body. Therefore, clinical

Table 1. Classification, representative drugs and typical side effects of immu-
nosuppressive drugs.

Class Generic Name Adverse Effects

Anti-metabolism Azathioprine
Methotrexate
Chlorambucil

Cyclophosphamide

Gastrointestinal upset,
cytopenia, hepatitis.

An increased risk of
cancer related
mortality.

Osteoporosis, ischemic
necrosis, glaucoma,
cataract, myopathy.

Hypertension, renal
dysfunction,
neurological disorders

Hyperglycemia, poor
wind hearing
nephrotoxicity, bone
necrosis.

Alkylate

Corticosteroid Prednisone,

Cortisone

Calmodulin inhibitor ~ Cyclosporine

Tacrolimus

mTOR inhibitor Sirolimus (rapamycin)
Everolimus

treatment drugs for ocular immune rejection are being devel-
oped in a hotspot (Cotovio et al., 2012).

The most commonly used ocular immunosuppressants are
cyclosporine (cyclosporine A, CsA), tacrolimus, sirolimus (rapa-
mycin), and everolimus. In addition to corneal transplant
rejection, these immunosuppressants can also be used to
treat scleritis, macular degeneration, uveitis, and dry oph-
thalmopathy. The blood-eye barrier limits the ocular bioavail-
ability of systemic medications, whereas all four
immunosuppressants are highly lipophilic and low in water
solubility when administered as topical eye drops (solubility
in water < 10ug/mL, large molecular weight, approximately
1000 g/mol). Figure 1 depicts the structural formulas of some
ocular immunosuppressants. Therefore, drugs prepared in
various formulations, such as nanosuspension, nanoparticles,
liposomes, micelles, and implants, can improve their solubility
in water, reduce their toxicity, and facilitate their delivery.

The particle sizes range varies considerably from formu-
lation to formulation, as shown in Figure 2. Microparticles
include microspheres and microcapsules with particle sizes
measured in micrometers. Microspheres are spherical particles
formed by dispersing drugs in polymer materials, whereas
microcapsules are microscopic capsules created by encapsu-
lating drugs in polymer capsules. Notably, if the particle size
of the particles administered to the eye exceeds 10um, a
foreign body sensation will occur. Nanosuspensions are
nano-controlled release systems consisting of colloidal dis-
crete systems stabilized by surfactant (Wang et al., 2016). A
nanosuspension protects solutions with poor dissolvability
in lachrymal fluids with particle sizes between 100nm and
1000 nm. Compared to conventional ocular formulations,
nanosuspensions have reduced particle sizes and increased
specific surface areas. Typically, nanoparticles have a radius
or characteristic size below 100 nm. Hybrid nanoparticles may
penetrate posterior ocular tissues more effectively because
of their hydrophilic properties. Liposomes are microscopic
vesicles composed of phospholipid bilayers that enclose
aqueous compartments with particle sizes from 25nm to
1000 nm. As liposomes can be continuously administered and
form deposits within the cornea, they have been widely used
for targeted therapies for a long time (Karn et al., 2014).
Unfortunately, some studies have mentioned that because
of liposomes’ short half-life at the corneal surface, the con-
centrations of CsA in aqueous and vitreous humor after lipo-
some treatment were low, leading to the release of free CsA
before liposome penetration into the cornea
(Nikoofal-Sahlabadi et al., 2013). Therefore, CsA cannot enter
the posterior end of the eye for treatment. Novel lipid carriers
(NLCs) are formulated from a mixture of solid and liquid
lipids, which prevents drug leakage. NLCs have good bio-
compatibility and can be produced on a large scale through
high-pressure homogenization compared with other colloidal
carriers (Li et al., 2008); however, the addition of many excip-
ients resulted in low drug loading efficiency. Besides NLCs,
polymeric micelles can be used to improve corneal and con-
junctival penetration, maintain drug levels, and reduce sys-
temic side effects. Micelles are amphiphilic spheres
self-assembled by surfactants with a radius from 10nm to
100nm (Kwon, 2003). The surfactants create a hydrophobic
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Figure 1. Structural formulas of cyclosporine, tacrolimus, sirolimus, and everolimus.
(A) Cyclosporine, molecular weight 1202.61, solubility <10 pg/mL); (B) Tacrolimus (molecular weight 804.02, solubility 5-8 ug/mL); (C) Sirolimus (molecular weight
914.172, solubility 2.6 ug/mL); and (D) Everolimus (molecular weight 958.2, solubility 9.6 ug/mL).

core that encloses the hydrophobic molecules. Micelles are
more dynamic than polymeric nanoparticles. Nevertheless,
drug leakage may occur during storage and transportation
because of the drug diffusing out of micelles as the tem-
perature fluctuates (Crean 2009). In some studies, insoluble
drugs were prepared as aqueous solutions via solubilizers
through a straightforward process. However, none of the
aforementioned preparations can remain in the eye for a
long time because of the eye’s unique structure; most of the
drugs are lost on the ocular surface and are unable to exert
better efficacy. In situ gel is a kind of preparation that under-
goes phase transition immediately at the application site
after administration in the solution state, forming a
non-chemically cross-linked semi-solid gel from the liquid
state. In vitro gel—the substance is in a liquid state—facili-
tates canning and transport. It is converted into a gel at the
application site, thereby increasing the retention time in the
eye, reducing administration frequency, and improving
patient compliance. However, some in situ gels can impair
vision. In addition to these nanomedicines, eye implants
comprise a mixture of drugs and polymeric materials

contained in a miniature device or prepared according to a
certain formulation. With accurate dosing, stable drug release,
and high targeting, implants are surgically transplanted into
the eye. A small drug dose could produce therapeutic effects.
If the implant causes an adverse reaction or is no longer
needed, it can be removed. Biodegradable implants can be
degraded without surgical removal.

This article reviews the ophthalmic preparations of these
four drugs as a reference for future research and develop-
ment just as Figure 3 shown.

2. Cyclosporine

Cyclosporine (CsA), also known as cyclosporine polypeptide,
is an immunosuppressant that interferes with T-helper cell
activation by blocking interleukin-2 production. When CsA
enters T cells, it can bind to the cyclophilin cytoplasmic pro-
tein receptor, forming a cyclosporine-cyclophilin complex.
IL-2 gene expression, Ca?*-dependent serine/threonine phos-
phokinase activity, and T cell activation are inhibited through
the inhibition of calcineurin-phosphatase activity (Jones et al.,
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Figure 2. Schematic representation of novel ophthalmic dosage forms. By Figdraw, ID:YUUSAa7ea7.

2017, Pflugfelder & De Paiva, 2017). CsA can be used to treat
various ocular immune diseases, including necrotizing scleri-
tis, Behcet’s syndrome, severe vernal keratoconjunctivitis,
conjunctivitis, dry eye syndrome, and treatment after high-risk
corneal transplantation. In contrast to corticosteroids, CsA is
safe for long-term use without the negative effects associated
with other anti-inflammatory drugs (Utine et al., 2010). CsA
treatment is commonly associated with a burning sensation
in the eye, blurred vision, eye itch, conjunctival hyperemia,
discharge, tingling, and foreign body sensations (Palestine
et al., 1984). Conventionally, CsA has been administered orally
for treating ophthalmologic diseases. However, topical admin-
istration is now preferred because of the systemic side effects.
In addition to reducing systemic adverse effects, it also
improves bioavailability and specific targeting of ocular tis-
sues (Sahoo et al.,, 2008). CsA is very poorly soluble in water
at physiological temperatures (only 4ug/mL), whereas its
solubility is improved at refrigeration temperatures (134 ug/
mL). Therefore, it is primarily necessary to increase solubility,
trans-corneal penetration, and precorneal residence time,
while reducing dosing frequency.

The first CsA formulation currently available for treating
human dry eye syndrome is the FDA-approved topical emul-
sion (Restasis®, Allergan). Glycerin and castor oil are used to
improve the aqueous solubility and corneal permeability of
CsA. However, the additives often cause side effects such
as visual disturbances, conjunctival hyperemia, and ocular
burning (Mccoy, 2015). In some cases, these additives can
cause high irritation because they tend to affect the inte-
grality of the ocular tissues, limiting their further clinical
application. lkervis®, a cationic ophthalmic emulsion con-
taining 0.1% CsA, was approved by the European Commission
in 2015 for treating severe keratitis in adults with dry eye

syndrome that could not be improved with artificial tears.
It comprises medium-chain triglycerides, cefaclor, glycerin,
tyloxapols, and poloxamer 188. It primarily works through
the special electrostatic interaction between negatively
charged corneal epithelium and ocular drugs (Daull et al.,
2014). However, the drug caused some side effects, such as
burning and stinging eyes, which occurred in 5.9% of
patients in blinded clinical trials (European Medicines Agency,
2015). One study (Daull et al., 2016) divided dry-eye mice
into four groups: one control group and three experimental
groups. Each experiment group received either 1% methyl-
prednisolone (glucocorticoid), 1% lkervis® emulsion, or 1%
Ikervis® vehicle. lkervis® significantly improved tear volume
by more than 1% methylprednisolone or lkervis® vehicle.
Corneal fluorescein staining was used to check for corneal
epithelial defects. A lower score indicated less severe corneal
damage. Compared with the control group, the three exper-
imental groups demonstrated an average decrease in corneal
fluorescein staining.

2.1. Nanoparticles

Hyaluronic acid (HA) is a nonirritating, highly water-binding,
viscous, and pseudoplastic substance (Contreras-Ruiz et al.,,
2011). It may enhance ocular retention with mucoadhesive
properties, thereby increasing the effectiveness of the drug
through the cornea. HA coatings enhance nanoparticle
uptake of corneal cells through their specific targeting of HA
receptors. Span80, tocopherols polyethylene glycol 1000 suc-
cinate (TPGS), and cetyltrimethylammonium-ammonium bro-
mide (CTAB) were found to dissolve in absolute ethanol
(Alvarez-Trabado et al., 2018). The ethanol was poured steadily
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Figure 3. Immunosuppressant types and formulations.

over purified water under continuous magnetic stirring,
resulting in the spontaneous formation of Sorbian ester
nanoparticles (SENS). Box-Behnken experimental design was
enforced to obtain a cationic-optimized formulation
(SENS-OPT). Moreover, the SENS-OPT was coated with HA to
achieve anionic optimization (SENS-OPT-HA). The SENS-OPT
was 170.5nm in diameter, with a Zeta potential of +33.9mV
and a CsA loading of 19.66%. Because of the HA coating,
the Zeta potential was —20.6mV, and the particle size was
177.6nm. The SENS-OPT-HA induced greater cellular uptake
and greater penetration in human corneal epithelial (HCE)
cells across porcine corneal tissues compared to SENS-OPT
without coating. In biocompatibility studies, both two for-
mulations were found to be safe.
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In addition to HA, cyclic oligosaccharide cyclodextrins
(CDs) are also a type of common material used in nanopar-
ticles. CDs have been reported to improve the physico-
chemical and biopharmaceutical properties of peptides
and proteins. CDs are ideal for forming inclusion com-
plexes with lipophilic drugs because of their lipophilic
cavity and hydrophilic exterior, thereby increasing their
water solubility. CDs can enhance drug permeability
through corneal membranes by permeating the membrane
or combining it with lipophilic components such as cho-
lesterol and phospholipids (Shimpi et al., 2005). As the
a-CD in natural foods can solubilize CsA at 0.5mg/mL and
promote the formation of nanosized CsA/CD particles
(J6bhannsdéttir et al., 2015). In addition to a-CD, y-CD is
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a CD with higher water solubility and a better toxicolog-
ical profile than other pharmaceutically acceptable CDs,
making it an attractive solubilizer for ophthalmic prepa-
rations. Researchers have prepared CsA nanoparticles
(0.2% w/v) mixed with a-CD and y-CD. During a 3-month
period, the eye drops were administered to rabbits once
or twice per day without any toxic side effects or ocular
irritation (Johannsdoéttir et al.,, 2017). Moreover,
2-hydroxypropyl-B-cyclodextrin (HPBCD) is a cyclic oligo-
saccharide comprising seven units of a-1,4-linked glucose
and a hydroxy propylated group, with a lipophilic core
and a hydrophilic exterior (Loftsson et al.,, 1989). The
European Medicines Agency (EMA) selected HPBCD as an
ophthalmic excipient because HPBCD is the safest and
most appropriate form of cyclodextrin for topical use with
no toxicity (European Medicines Agency, 2017). Research
has demonstrated that the CsA-HPBCD complex was pre-
pared by kneading and triturating. The CsA-HPBCD com-
plex (10 mg) and poly-lactide-co-glycoside (PLGA) were
then dissolved in dichloromethane. With an ultrasound
probe, this mixture was first emulsified in purified water
containing 1% (w/v) polyvinyl alcohol (PVA) and then
poured into a polyvinyl alcohol aqueous solution. The
dichloromethane was removed by stirring. To resuspend
the nanoparticles, the evaporating nanoparticles were
centrifuged at 14000rpm and resuspended in mannitol
solution after evaporation. The CsA encapsulated nanopar-
ticles had a high encapsulation efficiency (88%), a high
yield (89%), and a high release rate (75-96%) over 24 hours
(Aksungur et al., 2012).

2.2. Liposomes and NLCs

According to a study, NLCs with thiolated modifications could
prolong corneal retention time in vivo, whereas the thiolated
NLCs would not induce discomfort or irritation and would
deliver a sustained release of CsA in vitro (Shen et al., 2010).
In vivo distribution studies have demonstrated that CsA con-
centration in the systemic blood was very low and almost
undetectable. Compared to oil solution, non-thiolated NLCs,
the area-under-the-curve (AUC, ,,;,) and mean retention time
(MRT,_,4;,) of CsA-NLCs in aqueous humor, tears, and eye tissues
were significantly higher. Thiolated NLCs could deliver high
levels of CsA into the ocular surface and anterior chamber
tissues and prolong pre-corneal residence time because of their
sustained release characteristics and bio-adhesive property.

As a chitosan derivate, low molecular weight chitosan
(LCH) exhibits a remarkable improvement in water-solubility
compared to its precursor (Li et al., 2005). It was proposed
that LCH-coated liposomes (LCHL) could deliver drugs to
the ocular cavity with an injection method. Based on
dynamic light scattering instrument measurements of LCHL
applied to CsA, the average particle size was 89.6+2.3 nm.
Rabbit corneal epithelial cells exhibited low toxicity to LCHL.
A delayed drug release profile for LCHL was measured in
vitro. LCHL significantly increased CsA concentrations in the
cornea, conjunctiva, and sclera of rabbits in vivo (Li
et al.,, 2012).

Lipid nano capsules (LNCs), one category of NLCs, consist
of a lipid core surrounded by a rigid membrane containing
lecithin and pegylated surfactant (Huynh et al.,, 2009). By
combining polymeric nano capsules and liposomes, a hybrid
structure can be created. In addition to their good colloidal
properties, LNCs exhibit a narrow dispersity range and a size
range of 20-100nm. As most aqueous ophthalmic prepara-
tions are washed out with tears, a thermosensitive gel con-
taining CsA encapsulated in LNCs was developed with an
average CsA-LNC particle size of 41.9+4.0nm. The CsA-LNC
was narrow in size distribution (PDI = 0.1) with a high entrap-
ment efficiency (over 98%). CsA-LNC in situ gels were pre-
pared using poloxamer 407 (P407). The Draize test was used
to compare the effects of Restasis® and CsA in castor oil on
ocular irritation in rabbits. Compared to the other formula-
tions tested, LNC incorporation into in situ gels led to
increased adhesiveness and stronger corneal fluorescence.
According to Schirmer tear test results, CsA-LNC formulations
recovered more quickly compared to Restasis®. The visual
and histopathological examinations of CsA-LNC revealed no
ocular irritation (Eldesouky et al., 2021).

2.3. Micelles

There are three key excipients used to prepare micelles.

1. Methoxy poly (ethylene glycol)-poly (lactide) polymer
(mPEG-PLA), a biodegradable polymer approved by
FDA, has been used in clinical trials for micelles
(Panahi et al., 2017). The research reports have indi-
cated that mPEG-PLA can reduce protein absorption,
making it suitable for nano colloid formulations for
ophthalmic drugs (Giannavola et al., 2003). Micelles
coated with mPEG-PLA were found to exhibit minimal
cytotoxicity, non-irritation to the eye, and increased
drug penetration (Phan et al, 2016). As a steric sta-
bilizer, mPEG2000 mainly protects micelles during
lyophilization. By adding mPEG2000 to the micellar
solution, the gaps between micelles and micellar solu-
tions can be filled with polyethylene glycol chains.
The lyophilized micelles containing 5% mPEG2000
maintained chemical and physical stability when
stored at 4°C for 3 months. Meanwhile, mPEG-PLA
micelles were released in vitro in a delayed and sus-
tained manner. A cytotoxicity study proved that the
mPEG-PLA blank micelles were nontoxic. Cellular
uptake demonstrated that energy played a role in
clathrin-mediated endocytosis. In the rabbit corneal,
CsA-loaded mPEG-PLA micelles had a maximum con-
centration of 4.5-fold higher than that of Restasis®
administration and, after 8hours, still 0.8% CsA
remained stranded. mPEG-PLA micelles exhibited a
better retention effect in ocular distribution studies
and in vivo pharmacokinetic profiles (Yu et al., 2018).

2. The methoxy poly (ethylene glycol)-poly (hexyl-lactide)
(MPEG-hexPLA) micelles (Di Tommaso et al.,, 2011)
were prepared using the co-solvent method.
MPEG-hexPLA copolymer dissolved in acetone was



added dropwise to PBS containing 10% sucrose under
sonication. The acetone evaporation at room tem-
perature yielded a micelle solution containing a copo-
lymer (10 mg/mL). The cytotoxicity assay and
clonogenic test demonstrated that MPEG-hexPLA
micelles were biocompatible in vitro and in vivo, as
well as nontoxic on HCE cells. Further, immunohisto-
chemistry analysis revealed no activation of apoptosis
mechanisms. MPEG-hexPLA micelles have good ocular
biocompatibility, suggesting that they can be used
for the eyes.

3. MET polymers, N-palmitoyl-N-monomethyl-N,
N-dimethyl-N, and N, N-trimethyl-6-O-glycolchitosan
(Schtzlein, 2021) can encapsulate CsA in aqueous
phases through high-pressure homogenization
because they are viscose self-assembling micelle
materials that contain hydrophobic groups along their
side. During storage at refrigeration temperatures and
room temperatures, micelles containing 0.01%, 0.02%,
and 0.05% CsA were stable for 28 days. Because of
topical application with MET micelles containing
0.05% CsA to rabbits, AUC,_,,, levels were 25780,
12046, and 5879ng:-h/g in the corneal, conjunctival
and scleral membranes, respectively. Similarly, Restasis
® with 0.05% CsA produced lower levels of 4726, 4813,
and 1729ng-h/g, respectively, in the corneal, conjunc-
tival, and scleral membranes of the rabbits. The results
demonstrated that MET micelles were more effective
than commercial formulations in terms of increasing
drug levels.

4. TPGS and poloxamer p407 were used to prepare
mixed micelles at a ratio of 1:1, which had sufficient
rheological properties and good eye compatibility at
35°C (Grimaudo et al., 2018). By using 20mM p407,
the apparent solubility of cyclosporine was increased
107-fold (higher than the CMC of mixed micelles). The
concentration of cyclosporine was 6.4+1.9, 17.6+5.4
and 26.9+7.4 pu g/g cornea respectively with the
mixed micelles of 1, 2.5 and 4mg/ml cyclosporine
concentration penetrated the isolated porcine cornea
for 3 hours. The micelles containing 4 mg/ml cyclospo-
rine were used for the penetration of sclera in vitro.
Cyclosporine accumulated 28+7, 38+10, 57+9,
145+ 27 ug/cm? after 3, 6, 24, and 48hours,
respectively.

2.4. Implants

Sustained-release CsA formulations for subconjunctival deliv-
ery were developed by loading PLGA and PCL nanoparticles
onto implants (Pehlivan et al., 2015). CsA-loaded nanoparti-
cles were loaded into implants to prolong their release time,
and CsA levels may be therapeutically achievable using this
system in approximately 15days (Apel et al., 1995). For man-
ufacturing PLGA implants loaded with CsA, a copolymer (lac-
tide: glycolide = 85:15) was used with the electrospinning
process, which is mainly used for the production of nano
and microfibers of polymeric materials. Fiber structure and
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morphology can be controlled by modifying several param-
eters, such as polymer type and solution concentration,
because of this method. A two-nozzle electrospinning method
was used to load PLGA-CsA nanoparticles into PCL fiber struc-
tures. The sustained-release implants were able to deliver
CsA for up to 90days. Efficacy studies have also demonstrated
that implants and fibers containing CsA helped to accelerate
the healing process.

Furthermore, scholars have mentioned that the molding
method was one of the most commonly used implant prepa-
ration techniques and that it was compared with the elec-
trospinning method (Yavuz et al., 2016). Figure 4 illustrates
two methods of implant preparation. This technique was
most commonly used for fiber preparation for tissue engi-
neering. Molding and electrospinning were used to prepare
poly (lactide-co-caprolactone) (PLCL) and PLGA
nanoparticle-loaded implants. The in vitro characterization
results revealed that both techniques were effective at load-
ing CsA into nanoparticle-loaded implant formulations. In
vitro studies have shown that CsA can be released in PBS
at 37°C for two months. Scanning electron microscope imag-
ing revealed a more uniform distribution of nanoparticles
in the fiber implants. However, in vitro degradation results
and morphological structures indicated that mold-based
implant formulations release significantly longer than
fiber-based formulations. Molded implants were chosen for
preliminary efficacy testing in Swiss Albino mice with
induced dry eye syndrome because of their longer release
duration. Compared with the control group (blank implants),
molded implants accelerated healing over a 90-day evalua-
tion period.

3. Tacrolimus

Tacrolimus, also known as FK506, is a high-molecular-weight
(804.02 g/mol) hydrophobic macrolide immunosuppressant
isolated from Streptomyces tsukubaensis. As a 23-membered
macrolide antibiotic, it is a powerful immunosuppressant
with good tissue penetration when administered locally to
the eye. It acts similarly to CsA, but it is 10-100 times
stronger than CsA. They both inhibit calcineurin and prevent
the activation of T cells. By inhibiting the release of inflam-
matory cytokines, tacrolimus suppresses the immune system
by inhibiting histamine release from mast cells (Vichyanond
& Kosrirukvongs, 2013). It is often used to treat severe
refractory uveitis, allograft rejection, dry eye syndrome, and
vernal keratoconjunctivitis. According to previous studies,
tacrolimus is effective in improving eye disease without
causing any adverse effects. It is also less likely to cause
hypertension and dyslipidemia than CsA. Steroids can inhibit
corneal allograft rejection, but morbidity rates remain high,
with complications such as systemic infections, cataracts,
and glaucoma. Patients who are resistant to steroids and
CsA can benefit from tacrolimus. Nevertheless, tacrolimus
has some difficulty in reaching effective therapeutic intra-
ocular concentrations and penetrating the cornea because
of its highly hydrophobic character(5-8 ug/mL)and high
molecular weight (804.02). Moreover, systemic
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Figure 4. Schematic diagram of implant preparation: (a) molding method and (b) electrospinning method (Yavuz et al., 2016).Copyright 2016, Drug Delivery.

administration of tacrolimus may cause severe side effects,
such as hyperglycemia, nephrotoxicity, neurotoxicity, weight
loss, liver damage, and diarrhea (Shapiro et al., 1990).
Therefore, its preparation as an ophthalmic preparation
is urgent.

Talymus® is the commercially available ophthalmic formu-
lation of tacrolimus for treating vernal keratoconjunctivitis.
Manufactured by Japan’s Senju Pharmaceutical Co., Ltd.,
Talymus® was approved for marketing in Japan in 2008 and
for import in China in June 2013. The primary excipient is
polyvinyl alcohol (partially saponified), which acts as a sus-
pension aid. This product also contains other excipients, includ-
ing preservatives (benzalkonium chloride), osmotic pressure
regulators, and pH regulators (sodium chloride, sodium hydro-
gen phosphate hydrate, sodium phosphate, and phosphate).
Tacrolimus is dispersed in the formulation in fine particles,
whose particle size has an impact on the bioavailability and
comfort of the medicine. Besides, 0.03% Tacrolimus eye drops
used by researchers as a control in the experiment were
obtained by reformulating intravenous drug presentation
(Prograf®) with ethanol, containing irritating compounds that

are typically unpleasant for the patient (Luaces-Rodriguez
et al, 2018).

3.1. Microparticles

As a lubricant and viscosity-enhancing agent in artificial tears,
carboxymethyl cellulose (CMC) is one of the most commonly
used cellulose derivatives with carboxymethyl groups (Coursey
et al., 2015). CMC can attach itself to corneal epithelial cells
and increase the residence time on the cornea because of
its mucoadhesive property. Poly (allylamine hydrochloride)
(PAH) was alternately deposited to prepare the CMC coating.
1% PVA could confer well-dispersed tacrolimus microcrystals
(TAC-MCs) with hexagonal plate-like shapes. Nonspherical
TAC-MCs were synthesized by precipitation method and
layer-by-layer coated with CMC to produce TAC- (PAH/CMC),.
As a rule of thumb, TAC-MCs measure 8.90+0.35um in length
and 3.89+0.19pum in width. TAC- (PAH/CMC),, followed by
TAC MCs, had the higher therapeutic efficiency than the
commercial eye drops Talymus®, which includes improvement
of preservation of tissue structure, clinical dry eye signs, and



suppression of the expression of representative inflammatory
mediators. TAC- (PAH/CMC); is notable for its superior ther-
apeutic performance compared with Talymus®, which is
attributed to the lubricant, mucoadhesive effect of CMC, the
non-spherical geometry of MCs, and the anti-inflammatory
function of tacrolimus (Zhang et al., 2020).

Niosomes are nonionic surfactant and lipid structures that
can accommodate hydrophilic and hydrophobic drugs
(Abdelbary & El-Gendy 2008). Aside from being more
cost-efficient, they also offer lower toxicity and easier formu-
lation without the use of unacceptable solvents compared
with other vesicular drug delivery systems. However, nio-
somes exhibit physical and chemical instability during stor-
age, including leakage or hydrolysis of encapsulated drugs,
sedimentation, fusion, and aggregation, thereby affecting the
shelf life. Generally, proniosomes can form a stable semisolid
gel structure (Sankar et al., 2010), which prevents encapsu-
lated drugs from hydrolyzing during storage and transpor-
tation (Ammar et al.,, 2011). Proniosomes were prepared as
follows: an ethanol solution containing cholesterol, poloxamer
188, and lecithin in a ratio of 1:9:9 was mixed with tacrolimus
at 65°C for 10minutes. After adding PBS to the tube, the
solution was kept for about 5minutes until it became clear.
After cooling to room temperature, the solution formed a
proniosomal gel. Dynamic light scattering measured the
mean proniosome size as 1.33+0.32 um with a polydispersity
index (PDI) of 0.21+0.03. Proniosome-derived tacrolimus
exhibited an entrapment efficiency of 95.34+0.02%. The
increase in tacrolimus permeation through freshly excised
rabbit corneas and tacrolimus retention in corneas was
observed. The instillation of 1% tacrolimus-containing pro-
niosomes four times per day in vivo did not cause irritation
or corneal damage in a 21-day in vivo test. Anti-allograft
rejection in SD rats following corneal xenotransplantation
was assessed in vivo. The results demonstrated that 1%
tacrolimus-containing proniosomes delayed corneal allograft
rejection and significantly prolonged overall corneal allograft
survival to 13.86+0.80days compared with those treated
with either 1% CsA eye drops, blank proniosomes, or those
left untreated.

3.2. Liposomes

A mucin layer on the ocular surface makes the surface an
anionic environment, which predisposes the surface to attract
cationic liposomes electrostatically (Chen et al., 2022).
(2,3-dioleoyloxy-propyl)-trimethylammonium (DOTAP) is one
type of cationic phospholipid used to encapsulate tacrolimus.
1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) is a
neutral co-lipid for cationic liposomes. Tacrolimus liposomes
had a positive charge on their surface of +30mV and a diam-
eter of approximately 300 nm. HCE cells with tacrolimus lipo-
somes concentrations below 0.2mg/mL exhibited good
viability after co-incubation for 24 hours. For rabbits treated
with 0.2mg/mL of the drug, their corneal thickness and endo-
thelial cell density remained unchanged for 28days. No sig-
nificant difference was observed between the PBS group and
the tacrolimus liposome group for cell safety. Moreover,

DRUG DELIVERY 9

tacrolimus liposomes could reduce the expression of inflam-
matory factors associated with dry eyes of rabbits and
C57BL/6 mice, as well as alleviate the signs of dry eye.

Researches have shown that using bile salts instead of
cholesterol can make liposomes more flexible, easier for the
carrier to penetrate biofilms (Niu et al., 2011). Compared with
traditional liposomes, liposomes containing bile salts
improved oral (Guan et al., 2011) and percutaneous absorp-
tion (Li et al., 2011) of drug molecules. Glycocholic acid,
deoxycholate, and taurocholate were less irritating and were
suitable for drug delivery. Tacrolimus liposomes prepared by
membrane dispersion method were approximately 100nm
in size, and over 90% of tacrolimus was encapsulated.
Liposomes containing bile salts can deliver three to four
times more tacrolimus in isolated cornea transport than con-
ventional liposomes. Studies on cytotoxicity and corneal tol-
erance in vivo showed that liposomes containing sodium
taurocholate or sodium glycocholate were well tolerated,
while those containing sodium deoxycholate were toxic to
rabbit cornea (Dai et al., 2013) .

3.3. Micelles

The MET polymer mentioned in Section 2.3 (3) has been
reported to encapsulate tacrolimus with a thin-film hydration
method (Badr et al., 2021). The particle size of micelles was
approximately 200 nm. The osmolality value was within the
acceptable range for the eyes (327+3.05 mOsm/kg). When
MET micelles are refrigerated, they do not appear to degrade
within 7 days, displaying a similar drug concentration at day
0 (0.99+0.002mg/mL) as compared to day 7 (1.0+0.01 mg/
mL), but different from day 30 (0.94+0.049 mg/mL). MET
micelles (25puL, 0.1% w/v) successfully promoted tacrolimus
permeation into ocular tissues following the instillation of
MET micelles (25uL, 0.1% w/v). After a single instillation of
MET micelles (25uL, 0.1% w/v), MET micelles could promote
the permeation of tacrolimus into ocular tissues. The drug
was delivered to the cornea (4452+2289ng/g tissue) and
conjunctiva (516+180ng/g tissue) at much higher concen-
trations than its therapeutic level (5-10ng/mL). Additionally,
MET micelles were administered ocularly at the same dose
of 25uL (0.1% w/v) without causing erythema, tearing, or
swelling.

A novel intellectual property-protected technology plat-
form, called Marinosolv (Siegl et al., 2019), can be used to
dissolve lipophilic, nearly water-insoluble drugs such as tac-
rolimus and corticosteroids in a buffered aqueous solution
(pH 6.0) in the form of micelles by adding saponins, such as
glycyrrhizin from licorice root and escin from horse chestnut,
and the additional use up to 10% of solvents, such as dex-
panthenol and propylene glycol. With Marinosolv, tacrolimus
can be dissolved in aqueous formulations up to 900g/mL,
resulting in a 300-fold increase in tacrolimus solubility
(Nakowitsch et al., 2016). The formulation can be stored for
at least 4weeks at room temperature and several months at
2-8°C. When tacrolimus dispersed in Marinosolv was injected
into porcine eyes, tacrolimus concentration in the cornea
was 10-fold higher than that of Talymus®.
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Figure 5. Self-assembly of MPEP and hydrogel formation in water (Han et al., 2022).Copyright 2022, Bioactive Materials.

3.4. Solubilized aqueous solution

Based on CD intrinsic properties, tacrolimus solubility was
improved by approximately 42 times (Mahmoudi et al., 2020).
The tacrolimus/HPBCD formulations were prepared by dis-
solving HPBCD and then adding tacrolimus (Garcia-Otero
et al,, 2021). Nuclear Magnetic Resonance (NMR) and molec-
ular modeling studies have reported that 0.02% tacrolimus
concentration could be obtained by using 40% HPBCD aque-
ous solutions. Results of ex vivo bio adhesion revealed good
mucoadhesive properties. Positron emission tomography/
computed tomography imaging (PET/CT imaging) was used
as a molecular imaging technique to investigate the in vivo
formulations’ permanence on the corneal surface. According
to the PET/CT studies, the formulations were mucoadhesive
and maintained a long-term presence on the ocular surface
owing to an adequate consistency. The time of in vivo ocular
permanence was higher (t,,, of 86.2min for the 40% HPBCD
eyedrop and t;,, of 46.3min for the reference formulation of
0.03% tacrolimus ointment Prograf®). This novel eye drop
formulation offers high potential as a safe alternative and a
versatile vehicle to incorporate new topical ophthalmic drugs.

Another tacrolimus/HP-BCD formulation (containing
HP-BCD, tacrolimus, and PVA) was mixed in PBS and rotated
for 24 hours at room temperature. After centrifuging and
filtering the supernatant, the final solution was prepared.
Over the course of 28days, each eye received one drop of
tacrolimus-prepared formulation and some placebo formula-
tion every 12hours. Clinical examinations on days 1, 3, 7, 14,
and 28 of the study revealed conjunctivitis and transient
redness. No statistically significant difference was observed
between the two groups in terms of corneal epithelial
defects, redness, or pathological evaluations (Mahmoudi
et al, 2020).

3.5. In situ gel

Aluminum chloride (ALC) was used as a cross-linking agent
to develop gellan gum based on ion sensitivity (Modi et al.,
2022). The tacrolimus-gellan gum was efficiently encapsulated
(74.2+£2.4%) with nano size (274.46+8.90nm) and a high
loading capacity (36.14+1.7%). According to Fourier trans-
form infrared spectroscopy (FTIR), gellan gum did not interact

with the drug. A histopathological evaluation, a HET-CAM
study, and a Draize test indicated that the formulation was
safe for ocular use. A prolonged drug release occurred from
the tacrolimus-gellan gum throughout a 12-hour period.
Higher pre-corneal retention was observed compared with
tacrolimus solution dissolved in mineral oil. In vivo studies
on rabbits demonstrated prolonged precorneal retention and
enhanced noncorneal and corneal penetration.

In addition to ion-sensitive in situ gels, a study developed
a copolymer with temperature-sensitive sol-gel transition
behavior from mono-functional polyhedral oligomeric silses-
quioxane (MPOSS), PEG, and polypropylene glycol (PPG)
(MPOSS-PEG-PPG, MPEP) (Han et al., 2022). POSS can be
incorporated physically or chemically into polymer matrices
with high compatibility, resulting in enhanced thermal sta-
bility, strengthened mechanical properties, excellent opto-
electronic performance, and super-hydrophobicity. Figure 5
depicts the preparation process of the self-assembly of MPEP
and hydrogel formation in water. MPEP displays the appro-
priate micellization and gelation characteristics because of
its ability to self-assemble on the ocular surface. In vitro and
in vivo observations indicated that this hydrogel was bio-
compatible and low in toxicity. Besides, this thermo-responsive
hydrogel effectively inhibited the symptom of dry eye in a
C57BL/6 mice model.

4, Sirolimus (Rapamycin)

Sirolimus (SR), a potent immunomodulatory agent, also
known as Rapamycin, is a macrolide antibiotic with potent
immunosuppressive properties that act by inhibiting mTOR
(Yatscoff et al., 1995, Shah, Edman et al., 2013). mTOR, an
enzyme, regulates several cellular functions, including protein
synthesis, lipid synthesis, cell proliferation, and activated lym-
phocytes (Thomson et al., 2009). As an immunosuppressant,
sirolimus is commonly used in solid organ transplant rejec-
tions and has also been exploited for cancer and autoimmune
diseases. In a previous study, sirolimus was reported to have
a 50-fold anti-immune effect over CsA and a 30-fold effect
over Tacrolimus (Benjamin et al., 2011). Unlike tacrolimus, it
does not bind to calcineurin. Instead, it binds to
tacrolimus-binding protein, preventing mTOR activation.
Consequently, the activation, proliferation, and antibody



production of T lymphocytes are inhibited as the cell cycle
progresses from G1 to S phases (Murphy et al., 2011).
Additionally, it inhibits inflammatory cytokine production
(Paghdal & Schwartz, 2007). Ophthalmological immune dis-
orders can be treated with this compound because sirolimus
binding protein is highly expressed in corneas and retinas.
By reducing the production of angiogenesis factors, inflam-
matory factors, and immune mediators (Kang et al., 2008),
patients can avoid long-term glucocorticoid side effects. The
primary disadvantage of sirolimus is its water solubility (about
2.6 ug/mL) (Simamora et al., 2001), high molecular weight
(914,172) (Macdonald et al., 2000), and the absence of ion-
izable functional groups within a pH of 2-10. As hydrolysis
and oxidation are caused by light and heat, sirolimus is unsta-
ble in aqueous media. Furthermore, sirolimus dose is closely
related to its toxicity, which is reversible. The main adverse
reactions are nephrotoxicity, neurotoxicity, hyperglycemia,
and joint pain.

4.1. Microparticles

A study described sirolimus microspheres based on optimized
poly (3-hydroxybutyrate-co-3-hydroxy valerate) and examined
Sjogren’s syndrome model of obesity diabetes dry eye mice
for its effect on the ocular surface status (Wang et al., 2019).
Neither agglomerations nor adhesions were present in the
microspheres, which were smooth and round with a diameter
of approximately 20-50 um. Compared with mice without
any treatment, mice receiving microspheres secreted more
tears and their corneal histology was normal with reduced
corneal fluorescein levels. A significant improvement was
observed in the signs and symptoms of tear secretion, dry
eyes, histological cornea damage, and corneal endothelial
cell injury in mice following sirolimus administration.

Anterior chamber (ACE) was a promising site for clinical
islet transplantation (Perez et al., 2011). There are many blood
vessels in the iris, which can help vascularize the transplanted
islets quickly and minimize hypoxia and death. During one
study, sirolimus particles and islets were transplanted into the
anterior chamber in order to prevent local immune rejection
of the graft. It is possible to reach the target dose of sirolimus
(2.6 to 5.2ng/day) (Abdulreda et al., 2014) through the in vitro
release by mixing PCL and PLGA. In allogeneic recipients, the
particles and islets were co transplanted in the right anterior
chamber, while the blank particles and islets were transplanted
in the left anterior chamber as a control. As a result of com-
plete rejection, the transplanted islets could not be observed
in the left eye for 17days. It was found that the right eye
remained for 30days after transplantation, which significantly
delayed rejection of the islets (Fan et al., 2019).

4.2, Liposomes and NLCs

According to one study, ethanol injection into sterile lipo-
some dispersions produced sterile liposome dispersions rang-
ing between 140 and 211 nm (Linares-Alba et al., 2016).
Entrapment efficiencies between 93% and 98% were achieved.
A lyophilization step was necessary to manufacture liposomes
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because of their poor stability in aqueous dispersion. Normal
lacrimal production was duplicated after three applications
of liposomes containing 1 mg/mL sirolimus. The tear film had
become more stable during the treatment, which was non-
existent before the treatment.

Researchers have investigated designing sirolimus formu-
lations using cationic lipid carriers (SR-NLCs) that are capable
of loading sirolimus and protecting the drug from harsh
media conditions relative to emulsions and liposomes
(Zahir-Jouzdani et al., 2019). With NLCs comprising precirol
ATO5 (one type of glyceride), capryol propylene glycol mono,
and stearyl amine, SR-NLCs were successfully delivered to
the cornea. As expected, sirolimus loaded efficiently into
spherical NLCs with moderately positive surface charges.
SR-NLCs downregulated transforming growth factor beta 1
(TGFB1) and platelet-derived growth factor (PDGF) in corneal
fibroblasts cell culture with angiogenesis suppression, colla-
gen deposition, and myofibroblast formation both in vitro
and in vivo. The results demonstrated that SR-NLCs were
effective antifibrotic and angiogenic agents to prevent fibrosis
and corneal haze after chemical burns.

4.3. Micelles

Three types of micelles are introduced.

1. Stable, clear, aqueous mixed nano micellar formulations
(MNFs) were prepared with octoxynol-40 (Oc-40) and
vitamin E TPGS as polymeric matrix components to
deliver sirolimus at the back of the eye (Cholkar et al.,
2015). The average size of blank MNF was 10.84+0.11nm
and sirolimus-MNF was 10.98+0.089 nm. Transmission
electron microscope analysis revealed that micelles
were spherical in shape. NMR studies conducted on
MNF confirmed the absence of free sirolimus. No cyto-
toxicity was observed on rabbit corneal epithelial cells
or human retinal pigment epithelial cells in the pres-
ence of placebo or sirolimus-loaded MNF. An in vivo
study demonstrated that sirolimus concentrations after
1h of single topical dosing (50uL) in retina-choroid
tissue were extremely high (362.35+56.17 ng/g tissue).
Based on these findings, MNF is capable of delivering
sirolimus to the retina/choroid tissues after topical drop
administration to the eye and it does not partition
back into the vitreous humor.

2. O-octanoyl-chitosan-polyethylene glycol (OChiPEG)
graft copolymers micelles prepared by thin film
method were amphiphilic chitosan derivatives (Elsaid
et al., 2012). Particles with a particle size of 40.6nm
and a Zeta potential of +6.84 mV exhibited high drug
entrapment (85.6%) and loading efficiency (16.3%).
Micelles based on OChIPEG retained sirolimus well
(14.8+0.81ug/g) with a high diffusion coefficient
through the sclera (5.57+£1.04x 108 cm?s7"). As siro-
limus was successfully permeated and retained in
the scleral space, this preparation method may be
useful for the topical delivery of other hydrophobic
agents.
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3. Researchers have used Tween 80 and P40S to prepare
thin film dispersion sirolimus micelles, and prepared the
sirolimus nanosuspension solution with the anti-solvent
precipitation method (Wang et al., 2019). High concen-
tration of sirolimus can be detected in rabbit eyes
through HPLC-ESI-MS/MS in 3-6hours after instillation
into rabbit anterior chamber. The content of sirolimus
can still be measured within 10hours. The average C,,,
of micelle and nano suspension were 9.51ng/mL and
23.43ng/mL respectively (significant difference, p<0.05).

4.4. In situ gel

As the charged liposomes prepared from chitosan are neg-
atively charged, it is more likely to adhere to the charged
cornea, allowing it to extend in front of the cornea and
promote ocular absorption. Using both liposomes and in
situ gels to prepare 0.2% sirolimus liposome-in situ gel can
further prolong the drug’s residence time in the cornea
(Zheng et al., 2012). It was nonirritating to the cornea of
rats and has good histocompatibility. When compared to
0.2% castor oil eye drops, the peak time of in situ gel was
twice as long as that of eye drops. The AUC of in situ gel
was significantly higher than that of eye drops, indicating
a sustained-release effect and improved bioavailability.

5. Everolimus

Everolimus (EV), 4 O-O- (2-hydroxyethyl)-rapamycin, a hydroxy
derivative of sirolimus, is a lipophilic 31-membered ring lac-
tone compound isolated from Streptomyces hygroscopicus
(Kasper et al., 2018). Compared to sirolimus, everolimus has
an additional 2-hydroxy-ethyl chain, making it more hydro-
philic and increasing its oral bioavailability from 10% to 16%
(compared with sirolimus) (Crowe et al., 1999). Additionally,
compared to sirolimus, everolimus has a shorter half-life, a
faster onset of steady state, and is suitable for combination
therapy with CsA. Everolimus inhibits helper T cells and inhib-
its immune rejection (Herrera-Gémez et al., 2017) and tumor
growth (Huijts et al., 2017), so it can be used for noninfec-
tious uveitis (Li et al., 2018), autoimmune uveoretinitis, and
corneal neoplasia immune-mediated rejection after corneal
transplantation and angiogenesis (Blair et al., 2017).

Based on in vitro studies on the porcine cornea, everolimus
has a much higher penetration than sirolimus, so it can replace
sirolimus in immune rejection treatments (Baspinar et al., 2008).

5.1. Nanosuspension

Everolimus nanosuspension was prepared using P407, PVA,
and hydroxypropyl methylcellulose (HPMC) as stabilizers with
a size of 156.47nm (Tang et al., 2019). Researchers have
compared Tween-80 and P40S as carriers to prepare micelles
of everolimus through the thin-film dispersion method. The
in vitro release model and the rabbit scleral permeation
model agreed with the Higuchi equation. In contrast to the
micelles, everolimus nanosuspension exhibited a 3-fold higher

AUC in pharmacokinetic studies of aqueous humor. Thus,
everolimus suspension is increased bioavailability, permea-
bility, and release rates.

5.2. Micelles

Micelles containing everolimus were prepared with Soluplus®,
a polymer grafted from polyvinyl caprolactam, polyvinyl alco-
hol, and polyethylene glycol (PVCL-PVA-PEG) (Mehra et al.,
2021). PEG forms the outer hydrophilic layer, while PVCL and
PVA form the hydrophobic shells of the micelles to allow
everolimus to penetrate the ocular barrier. An everolimus-loaded
micelle was prepared via thin-film hydration/solvent evapo-
ration. The micelle size was 65.55 nm. The micelles were char-
acterized for surface morphology using transmission electron
microscopy, scanning electron microscope, and atomic force
microscope, revealing the smooth surfaces and spherical par-
ticles of the micelles. The micelles of everolimus were found
to encapsulate everolimus efficiently, resulting in sustained
release and significantly penetrating goat corneas effectively.
Moreover, the micelles did not exhibit any ocular toxicity in
the hen’s egg test on chorioallantoic membrane assay, thus
the formulation can be considered safe.

Similarly, based on one polymer, mPEGhexPLA has previ-
ously been demonstrated to transport poorly soluble drugs
efficiently into the anterior segment of the eye (Di Tommaso
et al, 2012). After local application, mPEGhexPLA micelles
were efficient at delivering drugs across biological barriers
because of their inert surface properties and small size.
Everolimus was efficiently dissolved in mPEGhexPLA micelles
at a concentration of 5mg/mL after encapsulation. The EV/
mPEGhexPLA micelles were prepared using solvent evapora-
tion. During murine experimental autoimmune uveoretinitis,
the right eye was treated with 0.5% everolimus formulation
or PBS five times a day. Compared to the PBS-treated mice,
topical everolimus treatment reduced experimental autoim-
mune uveoretinitis severity bilaterally (Kasper et al., 2018).

5.3. In situ gel

To prepare everolimus in situ gel, propylene glycol was used
to dissolve everolimus and then combined with a solution
of PVA, poloxamer, and gellan gum. By administering 80 uL
of 1mg/mL everolimus in situ gel to rabbit eyes, the phar-
macokinetics in rabbit aqueous humor was determined by
HPLC-MS/MS. Everolimus attained its T, at 3.750+1.982hours
and its C,, was 107.256+53.965 ng/mL. The AUC ,, of the
drug was 509.365+172.376 ng-h/mL. The drug concentration
in rabbit aqueous humor can be detected for 10hours, indi-
cating that the in situ gel can improve intraocular bioavail-
ability and maintain a high intraocular drug concentration
for a long time (Tang et al., 2019).

6. Patented and marketed drugs

Table 2 lists the ophthalmic preparation patents for the afore-
mentioned immunosuppressants, whereas Table 3 lists the



Table 2. Patents of ophthalmic preparations related to immunosuppressants.

Drug

Dosage form

Patent Number

Stage

Cyclosporine

Tacrolimus

Sirolimus

Everolimus

Particle

Emulsion

Emulsion

Particle

Film

Implants
Emulsion-Microemulsion-Micelles
Latex

Emulsion

Liposomes

Salt solvates

Emulsion

Oil-based solution or ointment
Self-emulsifying preparation
Suspension

Self-emulsifying preparation
Micelles-suspension-in situ gel
Inclusion complex

Gelatin

Liposomes

Micelles

Microemulsion injection
Inclusion complex
Micelles-suspension-in situ gel

US11680247 In the application phase
US14398012 Authorized
CN201610172271.4 Authorized
PCT/US2007/064153 In the application phase
PCT/KR2017/007426 In the application phase
PCT/US2008/062325 In the application phase
PCT/FR2016/052492 In the application phase
JP2014203406 Authorized
TW099103288 In the application phase
PCT/5G2017/050216 In the application phase
KR1020110096942 Authorized
JP2012086806 Authorized
US10465293 Authorized
PCT/US2006/004955 In the application phase
US14887222 Authorized
US11351844 In the application phase
CN201710557141.7 Authorized
US13172038 Authorized
US12778872 Authorized
US15034098 In the application phase
CN201710422438.2 Authorized
CN201010555662.7 Authorized
US13172038 Authorized
CN201710557141.7 Authorized

Note: US, United States of America; CN, China, WO, International Bureau, JP, Japan, TW Taiwan, KR Korea.

Table 3. Ophthalmic preparations of immunosuppressants marketed domestically and internationally.
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Product Company Approval Date Drug/Dosage Form Origin

Cyclosporine eye drops (Il)  Shenyang Xingqi Eye Medicine 2021-12-30 Cyclosporine/ China
eye drops

Cequa® SunPharmaceutical Industries 2018-08-14 Cyclosporine/ us
eye drops

Restasis® Allergan 2003-10-10 Cyclosporine/ us
ophthalmic emulsion

Verkazia® Santen Oy 2018-07-06 Cyclosporine/ EU
ophthalmic emulsion

Ikervis® Santen Pharmaceutical 2015-03-19 Cyclosporine/ Japan
ophthalmic emulsion

Papilock Mini® Santen Pharmaceutical 2006-01 Cyclosporine/ Japan
eye drops

Talymus® Senju Pharmaceutical 2008-05 Tacrolimus/ Japan
suspension

D ST T
FFFFHH

Perfluorobutylpentane (F4HS5)

Perfluorohexyloctane (F6H8)

Figure 6. Schematic diagram of semifluorinated alkanes (Agarwal et al., 2018).Copyright 2018, International Journal of Pharmaceutics.

commercially available ophthalmic preparations. In terms of
patents and marketed drugs, cyclosporine is the most com-
mon research and marketed drug whereas tacrolimus is mar-
keted but rarely patented. Sirolimus and everolimus are two

patented and unmarketed drugs. Current indications for this
procedure include dry eye, rejection of corneal transplants,
conjunctival xerosis, spring catarrhal conjunctivitis, and other
ocular immune disorders.
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In addition to the aforementioned formulations, Novaliq,
Heidelberg, Germany has developed CsA (Wirta et al., 2019)
and tacrolimus (De Majumdar et al., 2017) eye drops based
on EyeSol™®, the first anhydrous drug delivery technology
platform for the treatment of the dry eye. This technology
mainly uses semi-fluorinated alkanes as solvents, adding
insoluble drugs directly to semi-fluorinated alkanes, and add-
ing ethanol or oily medium as a solution. Figure 6 shows
that semifluorinated alkanes (Agarwal et al., 2018) consist of
at least one non-fluorinated alkane segment and one per-
fluorinated alkane segment in which some hydrogen atoms
are replaced by fluorine. Semifluorinated alkanes are straight
or branched chain alkanes. It is the company’s patented prod-
uct, for which dozens of related patents have been applied
for. CyclASolTM—a dissolvable cyclosporine eye drop made
from semifluorinated alkane 1-perfluorobutyl-pentane—is
being developed by the Chinese company Hengrui.

7. Summary

Immunosuppressants can effectively treat some eye diseases.
The high lipophilicity, low solubility, and low bioavailability of
immunosuppressants, as well as the special structure of the
eye, make nanodosage more clinically preferred. This article
have mentioned the microparticles, nanoparticles, liposomes
and NLCs, micelles, in situ gels of cyclosporine, tacrolimus,
sirolimus (rapamycin) and everolimus. In addition, there are
also some researches in cyclosporine implants, tacrolimus eye
drops with the solubilizer and nanosuspensions for everolimus
formulations. Most studies on immunosuppressants have
focused on calmodulin inhibitors (cyclosporine and tacrolimus),
whereas there are relatively few studies on mTOR inhibitors
(sirolimus (rapamycin) and everolimus). mTOR inhibitors will
become more popular drugs for ophthalmic immunosuppres-
sants in the future with fewer side effects. This paper provides
new strategies for future research and development of these
four immunosuppressants in ophthalmic preparations.

Acknowledgement

We thank Home for Researchers editorial team (www.home-for-research-
ers.com) for language editing service.

Disclosure statement

The authors declare no conflict of interest.

Ethical approval statement

NA.

Funding

This project is supported by Basic Public Welfare Research Project of
Zhejiang Province (No. GF22H128127), National Natural Science Youth
Foundation of China (No. 82000864), Science and Technology Projects
of Medicine and Health of Zhejiang (No. 2021KY648), The special project

of Hangzhou Medical College (No. YS2022009), Science and Technology
Project of Jinhua (No. 2021-4-305) and Key Laboratory of Neuropsychiatric
Drug Research of Zhejiang Province (2019E10021).

ORCID

Zhan Tang http://orcid.org/0000-0002-3198-3690

References

Abdelbary G, EI-Gendy N. (2008). Niosome-encapsulated gentamicin for
ophthalmic controlled delivery. AAPS PharmSciTech 9:1-17.

Abdulreda MH, C, Martin A, Gans, et al. (2014). Prolonged Survival of
Pancreatic Islet Allografts in the Immune Privileged Anterior Chamber
of the Eye. San Francisco, CA: ADA 74th Scientific Sessions.

Agarwal P, Scherer D, Giinther B, et al. (2018). Semifluorinated alkane
based systems for enhanced corneal penetration of poorly soluble
drugs. Int J Pharm 538:119-29.

Aksungur P, Demirbilek M, Denkbas EB, et al. (2012). Comparative evaluation
of cyclosporine A/HPBCD-incorporated PLGA nanoparticles for develop-
ment of effective ocular preparations. J Microencapsul 29:605-13.

Alvarez-Trabado J, Lopez-Garcia A, Martin-Pastor M, et al. (2018). Sorbitan
ester nanoparticles (SENS) as a novel topical ocular drug delivery
system: Design, optimization, and in vitro/ex vivo evaluation. Int J
Pharm 546:20-30.

Ammar HO, Ghorab M, ElI-Nahhas SA, et al. (2011). Proniosomes as a
carrier system for transdermal delivery of tenoxicam. Int J Pharm
405:142-52.

Apel A, Oh C, Chiu R, et al. (1995). A subconjunctival degradable implant
for cyclosporine delivery in corneal transplant therapy. Curr Eye Res
14:659-67.

Aydemir O, Celebi S, Yilmaz T, et al. (2004). Protective effects of vitamin
E forms (alpha-tocopherol, gamma-tocopherol and d-alpha-tocopher-
ol polyethylene glycol 1000 succinate) on retinal edema during
ischemia-reperfusion injury in the guinea pig retina. Int Ophthalmol
25:283-9.

Badr MY, Abdulrahman NS, Schatzlein AG, et al. (2021). A polymeric
aqueous tacrolimus formulation for topical ocular delivery. Int J Pharm
599:120364.

Baspinar Y, Bertelmann E, Pleyer U, et al. (2008). Corneal permeation stud-
ies of everolimus microemulsion. J Ocul Pharmacol Ther 24:399-402.

Bauer AC, Franco RF, Manfro RC. (2020). Immunosuppression in kidney
transplantation: state of the art and current protocols. Curr Pharm
Des 26:3440-50.

Benjamin D, Colombi M, Moroni C, et al. (2011). Rapamycin passes the
torch: a new generation of mTOR inhibitors. Nat Rev Drug Discov
10:868-80.

Bennett WM, Demattos A, Meyer MM, et al. (1996). Chronic cyclosporine
nephropathy in renal transplantation. Transplant Proc 28:2100-3.
Blair J, Barry R, Moore DJ, et al. (2017). A comprehensive review of
mTOR-inhibiting pharmacotherapy for the treatment of non-infectious

uveitis. Curr Pharm Des 23:3005-14.

Burkholder BM, Jabs DA. (2021). Uveitis for the non-ophthalmologist.
BMJ 372:m4979.

Chen X, Wu J, Lin X, et al. (2022). Tacrolimus loaded cationic liposomes
for dry eye treatment. Front Pharmacol 13:838168.

Cholkar K, Gunda S, Earla R, et al. (2015). Nanomicellar topical aqueous
drop formulation of rapamycin for back-of-the-eye delivery. AAPS
PharmSciTech 16:610-22.

Contreras-Ruiz L, De La Fuente M, Parraga JE, et al. (2011). Intracellular
trafficking of hyaluronic acid-chitosan oligomer-based nanoparticles
in cultured human ocular surface cells. Mol Vis 17:279-90.

Cotovio P, Neves M, Santos L, et al. (2012). Conversion to everolimus in
kidney transplant recipients: to believe or not believe? Transplant
Proc 44:2966-70.


http://www.home-for-researchers.com
http://www.home-for-researchers.com
http://orcid.org/0000-0002-3198-3690

Coursey TG, Henriksson JT, Marcano DC, et al. (2015). Dexamethasone
nanowafer as an effective therapy for dry eye disease. J Control
Release 213:168-74.

Crean AM. (2009). The physicochemical basis of pharmaceuticals. USA:
Oxford University Press. 156-92.

Crowe A, Bruelisauer A, Duerr L, et al. (1999). Absorption and intestinal
metabolism of SDZ-RAD and rapamycin in rats. Drug Metab Dispos
27:627-32.

Dai Y, Zhou R, Liu L, et al. (2013). Liposomes containing bile salts as
novel ocular delivery systems for tacrolimus (FK506): in vitro charac-
terization and improved corneal permeation. Int J Nanomedicine
8:1921-33.

Danovitch GM. (2005). Immunosuppressive medications and protocols
for kidney transplantation. Handbook of kidney transplantation 72—
134.

Daull P, Feraille L, Barabino S, et al. (2016). Efficacy of a new topical
cationic emulsion of cyclosporine A on dry eye clinical signs in an
experimental mouse model of dry eye. Exp Eye Res 153:159-64.

Daull P, Lallemand F, Garrigue JS. (2014). Benefits of cetalkonium chloride
cationic oil-in-water nanoemulsions for topical ophthalmic drug de-
livery. J Pharm Pharmacol 66:531-41.

Davidson J, A, Wilkinson J, Dantal, et al. (2003).New-onset diabetes after
transplantation: 2003 International consensus guidelines. Proceedings
of an international expert panel meeting. Barcelona, Spain, 19
February 2003. Transplantation 75:553-24.

De Majumdar S, Subinya M, Korward J, et al. (2017). A low concentration
of tacrolimus/semifluorinated alkane (SFA) eyedrop suppresses intra-
ocular inflammation in experimental models of uveitis. Curr Mol Med
17:211-20.

Di Tommaso C, Bourges JL, Valamanesh F, et al. (2012). Novel micelle
carriers for cyclosporin A topical ocular delivery: in vivo cornea pen-
etration, ocular distribution and efficacy studies. Eur J Pharm Biopharm
81:257-64.

Di Tommaso C, Torriglia A, Furrer P, et al. (2011). Ocular biocompatibil-
ity of novel Cyclosporin A formulations based on methoxy poly (eth-
ylene glycol)-hexylsubstituted poly (lactide) micelle carriers. Int J
Pharm 416:515-24.

Eldesouky LM, EI-Moslemany RM, Ramadan AA, et al. (2021). Cyclosporine
lipid nanocapsules as thermoresponsive gel for dry eye management:
Promising corneal mucoadhesion, biodistribution and preclinical ef-
ficacy in rabbits. Pharmaceutics 13:360.

Elsaid N, Jackson TL, Gunic M, et al. (2012). Positively charged amphi-
philic chitosan derivative for the transscleral delivery of rapamycin.
Invest Ophthalmol Vis Sci 53:8105-11.

European Medicines Agency. (2015). Ikervis assessment report. Available
at: https://www.ema.europa.eu/en/medicines/human/EPAR/ikervis [last
accessed 12 Dec 2020].

European Medicines Agency. (2017). Cyclodextrins used as excipients.
Available at: https://www.ema.europa.eu/en/cyclodextrins [last ac-
cessed 17 Dec 2020].

Fan Y, Zheng X, Ali Y, et al. (2019). Local release of rapamycin by micro-
particles delays islet rejection within the anterior chamber of the eye.
Sci Rep 9:3918.

Garcia-Otero X, Diaz-Tomé V, Varela-Fernandez R, et al. (2021).
Development and characterization of a tacrolimus/hydroxypropyl-B-cy-
clodextrin eye drop. Pharmaceutics 13:149.

Giannavola C, Bucolo C, Maltese A, et al. (2003). Influence of preparation
conditions on acyclovir-loaded poly-d,l-lactic acid nanospheres and
effect of PEG coating on ocular drug bioavailability. Pharm Res
20:584-90.

Grimaudo MA, Pescina S, Padula C, et al. (2018). Poloxamer 407/TPGS
mixed micelles as promising carriers for cyclosporine ocular delivery.
Mol Pharm 15:571-84.

Guan P, Lu Y, Qi J, et al. (2011). Enhanced oral bioavailability of cyclospo-
rine A by liposomes containing a bile salt. Int J Nanomed 6:965-74.

Guillevin L, Cordier JF, Lhote F, et al. (1997). A prospective, multicenter,
randomized trial comparing steroids and pulse cyclophosphamide

DRUG DELIVERY 15

versus steroids and oral cyclophosphamide in the treatment of gen-
eralized Wegener’s granulomatosis. Arthritis Rheum 40:2187-98.

Han Y, Jiang L, Shi H, et al. (2022). Effectiveness of an ocular adhesive
polyhedral oligomeric silsesquioxane hybrid thermo-responsive FK506
hydrogel in a murine model of dry eye. Bioact Mater 9:77-91.

Herrera-Gémez F, Vasquez-Seoane M, Aguila WD, et al. (2017). Peripheral
blood regulatory T cell counts as a predictive biomarker for the out-
come of kidney transplant: a systematic review. Med Clin (Barc)
149:523-35.

Huijts CM, Santegoets SJ, De Jong TD, et al. (2017). Immunological effects
of everolimus in patients with metastatic renal cell cancer. Int J
Immunopathol Pharmacol 30:341-52.

Huynh NT, Passirani C, Saulnier P, et al. (2009). Lipid nanocapsules: a
new platform for nanomedicine. Int J Pharm 379:201-9.

Johannsdottir S, Jansook P, Stefansson E, et al. (2015). Development of
a cyclodextrin-based aqueous cyclosporin A eye drop formulations.
Int J Pharm 493:86-95.

Jéhannsdottir S, Kristinsson JK, Fulop Z, et al. (2017). Formulations and
toxicologic in vivo studies of aqueous cyclosporin A eye drops with
cyclodextrin nanoparticles. Int J Pharm 529:486-90.

Jabs DA. (2018). Immunosuppression for the uveitides. Ophthalmology
125:193-202.

Jayatilleke A. (2022). Immunosuppression in rheumatologic and
auto-immune disease. Handb Exp Pharmacol 272:181-208.

Jones L, Downie LE, Korb D, et al. (2017). TFOS DEWS Il management
and therapy report. Ocul Surf 15:575-628.

Kang CB, Hong Y, Dhe-Paganon S, et al. (2008). FKBP family proteins:
immunophilins with versatile biological functions. Neurosignals
16:318-25.

Karn PR, Kim HD, Kang H, et al. (2014). Supercritical fluid-mediated li-
posomes containing cyclosporin A for the treatment of dry eye syn-
drome in a rabbit model: comparative study with the conventional
cyclosporin A emulsion. Int J Nanomedicine 9:3791-800.

Kasper M, Gabriel D, Moller M, et al. (2018). Novel everolimus-loaded
nanocarriers for topical treatment of murine experimental autoim-
mune uveoretinitis (EAU. ). Exp Eye Res 168:49-56.

Kwon GS. (2003). Polymeric micelles for delivery of poorly water-soluble
compounds. Crit Rev Ther Drug Carrier Syst 20:357-403.

Laish I, Braun M, Mor E, et al. (2011). Metabolic syndrome in liver trans-
plant recipients: prevalence, risk factors, and association with cardio-
vascular events. Liver Transpl 17:15-22.

Li J, Du Y, Yang J, et al. (2005). Preparation and characterisation of low
molecular weight chitosan and chito-oligomers by a commercial en-
zyme. Polymer Degrad Stability 87:441-8.

Li J, Wang X, Xie Y, et al. (2018). The mTOR kinase inhibitor everolimus

synergistically enhances the anti-tumor effect of the Bruton'’s tyrosine

kinase (BTK) inhibitor PLS-123 on Mantle cell lymphoma. Int J Cancer

142:202-13.

L, Zhang Y, Han S, et al. (2011). Penetration enhancement of lidocaine

hydrochlorid by a novel chitosan coated elastic liposome for trans-

dermal drug delivery. J Biomed Nanotechnol 7:704-13.

N, Zhuang CY, Wang M, et al. (2012). Low molecular weight

chitosan-coated liposomes for ocular drug delivery: in vitro and in

vivo studies. Drug Deliv 19:28-35.

X, Nie SF, Kong J, et al. (2008). A controlled-release ocular delivery

system for ibuprofen based on nanostructured lipid carriers. Int J

Pharm 363:177-82.

Linares-Alba MA, Gémez-Guajardo MB, Fonzar JF, et al. (2016).
Preformulation studies of a liposomal formulation containing sirolimus
for the treatment of dry eye disease. J Ocul Pharmacol Ther 32:11-22.

Liu S, Dozois MD, Chang CN, et al. (2016). Prolonged ocular retention
of mucoadhesive nanoparticle eye drop formulation enables treatment
of eye diseases using significantly reduced dosage. Mol Pharm
13:2897-905.

Loftsson T, BjoRnsdéttir S, Palsdottir G, et al. (1989). The effects of
2-hydroxypropyl-B-cyclodextrin on the solubility and stability of chlo-
rambucil and melphalan in aqueous solution. Int J Pharm 57:63-72.

Li

Li

Li


https://www.ema.europa.eu/en/medicines/human/EPAR/ikervis
https://www.ema.europa.eu/en/cyclodextrins

16 Y.LIU ET AL.

Luaces-Rodriguez A, Tourifio-Peralba R, Alonso-Rodriguez |, et al. (2018).
Preclinical characterization and clinical evaluation of tacrolimus eye
drops. Eur J Pharm Sci 120:152-61.

Lucey MR, Terrault N, Ojo L, et al. (2013). Long-term management of
the successful adult liver transplant: 2012 practice guideline by the
American Association for the Study of Liver Diseases and the American
Society of Transplantation. Liver Transpl 19:3-26.

Macdonald A, Scarola J, Burke JT, et al. (2000). Clinical pharmacokinetics
and therapeutic drug monitoring of sirolimus. Clin Ther 22 Suppl
B:B101-121.

Madni A, Rahem MA, Tahir N, et al. (2017). Non-invasive strategies for
targeting the posterior segment of eye. Int J Pharm 530:326-45.
Mahmoudi A, Malaekeh-Nikouei B, Hanafi-Bojd MY, et al. (2020).
Preliminary in vivo safety evaluation of a tacrolimus eye drop formu-
lation using hydroxypropyl beta cyclodextrin after ocular administra-

tion in NZW rabbits. Clin Ophthalmol 14:947-53.

Mccoy M. (2015). Allergan Licenses Dry Eye Treatment. Chemical and
engineering news: “news edition” of the American Chemical Society
93:17.

Mehra N, Aqgil M, Sultana Y. (2021). A grafted copolymer-based nanomi-
celles for topical ocular delivery of everolimus: Formulation, charac-
terization, ex-vivo permeation, in-vitro ocular toxicity, and stability
study. Eur J Pharm Sci 159:105735.

Modi D, Nirmal J, Warsi MH, et al. (2022). Formulation and development
of tacrolimus-gellan gum nanoformulation for treatment of dry eye
disease. Colloids Surf B Biointerfaces 211:112255.

Murphy CJ, Bentley E, Miller PE, et al. (2011). The pharmacologic assess-
ment of a novel lymphocyte function-associated antigen-1 antagonist
(SAR 1118) for the treatment of keratoconjunctivitis sicca in dogs.
Invest Ophthalmol Vis Sci 52:3174-80.

Nakagawa N, Ishiyama K, Tanabe M, et al. (2021). The effectiveness
of immunosuppressive therapy in patients with aplastic anaemia
secondary to chemoradiotherapy for cancers. Br J Haematol
195:770-80.

Nakowitsch S, Kaintz C, Graf P, et al. (2016). Increased uptake of lipo-
philic immunosuppressive compounds in cornea and retina based on
solubilization in an aqueous formulation. Invest Ophthalmol Visual
Sci 57:275.

Nankivell BJ, Borrows RJ, Fung CL, et al. (2003). The natural history of
chronic allograft nephropathy. N Engl J Med 349:2326-33.

Nguyen LS, Vautier M, Allenbach Y, et al. (2019). Sirolimus and mTOR
inhibitors: a review of side effects and specific management in solid
organ transplantation. Drug Saf 42:813-25.

Niu M, Lu Y, Hovgaard L, et al. (2011). Liposomes containing glycocho-
late as potential oral insulin delivery systems: preparation, in vitro
characterization, and improved protection against enzymatic degra-
dation. Int J Nanomedicine 6:1155-66.

Nikoofal-Sahlabadi S, Mohajeri SA, Banaee T, et al. (2013). Evaluation of
cyclosporine A eye penetration after administration of liposomal or
conventional forms in animal model. Nanomed J 1:48-54.

Paghdal KV, Schwartz RA. (2007). Sirolimus (rapamycin): from the soil
of Easter Island to a bright future. J Am Acad Dermatol 57:1046-50.

Palestine AG, Nussenblatt RB, Chan CC. (1984). Side effects of systemic
cyclosporine in patients not undergoing transplantation. Am J Med
77:652-6.

Panahi FH, Peighambardoust SJ, Davaran S. (2017). Development and
characterization of PLA-mP EG copolymer containing iron
nanoparticle-coated carbon nanotubes for controlled delivery of
Docetaxel. 117:117-131.

Pehlivan SB, Yavuz B, alamak S, et al. (2015). Preparation and in vitro/in
vivo evaluation of cyclosporin A-loaded nanodecorated ocular im-
plants for subconjunctival application. J Pharm Sci 104:1709-20.

Perez VL, Caicedo A, Berman DM, et al. (2011). The anterior chamber of
the eye as a clinical transplantation site for the treatment of diabetes:
a study in a baboon model of diabetes. Diabetologia 54:1121-6.

Pflugfelder SC, De Paiva CS. (2017). The pathophysiology of dry eye
disease: What we know and future directions for research.
Ophthalmology 124:54-513.

Phan QT, Le MH, Le TT, et al. (2016). Characteristics and cytotoxicity of
folate-modified curcumin-loaded PLA-PEG micellar nano systems with
various PLA:PEG ratios. Int J Pharm 507:32-40.

Rollan MP, Cabrera R, Schwartz RA. (2022). Current knowledge of immu-
nosuppression as a risk factor for skin cancer development. Crit Rev
Oncol Hematol 177:103754.

Sahoo SK, Dilnawaz F, Krishnakumar S. (2008). Nanotechnology in ocu-
lar drug delivery. Drug Discov Today 13:144-51.

Sankar V, Ruckmani K, Durga S, et al. (2010). Proniosomes as drug car-
riers. Pak J Pharm Sci 23:103-7.

Schtzlein AG. (2021). Polymeric micelles for the enhanced deposition of
hydrophobic drugs into ocular tissues, without plasma exposure.
Pharmaceutics 13:744.

Shah M, Edman MC, Janga SR, et al. (2013). A rapamycin-binding protein
polymer nanoparticle shows potent therapeutic activity in suppress-
ing autoimmune dacryoadenitis in a mouse model of Sjogren’s syn-
drome. J Control Release 171:269-79.

Shapiro R, Fung JJ, Jain AB, et al. (1990). The side effects of FK 506 in
humans. Transplant Proc 22:35-6.

Shen J, Deng Y, Jin X, et al. (2010). Thiolated nanostructured lipid
carriers as a potential ocular drug delivery system for cyclosporine
A: improving in vivo ocular distribution. Int J Pharm 402:248-53.

Shi B, Zhao M, Geng T, et al. (2017). Effectiveness and safety of immu-
nosuppressive therapy in neuromyelitis optica spectrum disorder
during pregnancy. J Neurol Sci 377:72-6.

Shimpi S, Chauhan B, Shimpi P. (2005). Cyclodextrins: application in
different routes of drug administration. Acta Pharm 55:139-56.
Siegl C, Kénig-Schuster M, Nakowitsch S, et al. (2019). Pharmacokinetics
of topically applied tacrolimus dissolved in Marinosolv, a novel aque-

ous eye drop formulation. Eur J Pharm Biopharm 134:88-95.

Simamora P, Alvarez JM, Yalkowsky SH. (2001). Solubilization of rapamy-
cin. Int J Pharm 213:25-9.

Tang Z, Wang L, Xia Z, et al. (2019). HPLC-MS/MS-based analysis of
everolimus in rabbit aqueous humor: pharmacokinetics of in situ gel
eye drops of suspension. Bioanalysis 11:267-78.

Tang Z, Yin L, Zhang Y, et al. (2019). Preparation and study of two
kinds of ophthalmic nano-preparations of everolimus. Drug Deliv
26:1235-42.

Thomson AW, Turnquist HR, Raimondi G. (2009). Immunoregulatory func-
tions of mTOR inhibition. Nat Rev Immunol 9:324-37.

Utine CA, Stern M, Akpek EK. (2010). Clinical review: topical ophthalmic
use of cyclosporin A. Ocul Immunol Inflamm 18:352-61.

Vichyanond P, Kosrirukvongs P. (2013). Use of cyclosporine A and tacro-
limus in treatment of vernal keratoconjunctivitis. Curr Allergy Asthma
Rep 13:308-14.

Wang L, Tang Z, Shi M, et al. (2019). Pharmacokinetic study of sirolimus
ophthalmic formulations by consecutive sampling and liquid
chromatography-tandem mass spectrometry. J Pharm Biomed Anal
164:337-44.

Wang S, Wang M, Liu Y, et al. (2019). Effect of rapamycin microspheres
in Sjégren syndrome dry eye: preparation and outcomes. Ocul
Immunol Inflamm 27:1357-64.

Wang T, He X, Ran N, et al. (2021). Immunological characteristics and
effect of cyclosporin in patients with immune thrombocytopenia. J
Clin Lab Anal 35:€23922.

Wang X, Wang S, Zhang Y. (2016). Advance of the application of
nano-controlled release system in ophthalmic drug delivery. Drug
Deliv 23:2897-901.

Wirta DL, Torkildsen GL, Moreira HR, et al. (2019). A clinical phase Il
study to assess efficacy, safety, and tolerability of waterfree
cyclosporine formulation for treatment of dry eye disease.
Ophthalmology 126:792-800.

Wojciechowski D, Wiseman A. (2021). Long-term immunosuppression
management: opportunities and uncertainties. Clin J Am Soc Nephrol
16:1264-71.

Yatscoff RW, Wang P, Chan K, et al. (1995). Rapamycin: distribution, phar-
macokinetics, and therapeutic range investigations. Ther Drug Monit
17:666-71.



Yavuz B, Bozdag Pehlivan S, Kaffashi A, et al. (2016). In vivo tissue dis-
tribution and efficacy studies for cyclosporin A loaded nano-decorated
subconjunctival implants. Drug Deliv 23:3279-84.

Yu Y, Chen D, Li Y, et al. (2018). Improving the topical ocular pharma-
cokinetics of lyophilized cyclosporine A-loaded micelles: formulation,
in vitro and in vivo studies. Drug Deliv 25:888-99.

Zahir-Jouzdani F, Khonsari F, Soleimani M, et al. (2019). Nanostructured
lipid carriers containing rapamycin for prevention of corneal fibro-

DRUG DELIVERY 17

blasts proliferation and haze propagation after burn injuries: In
vitro and in vivo. J Cell Physiol 234:4702-12.

Zhang C, Zheng Y, Li M, et al. (2020). Carboxymethyl cellulose-coated
tacrolimus nonspherical microcrystals for improved therapeutic effi-
cacy of dry eye. Macromol Biosci 20:e2000079.

Zheng J, Ying C, Dong S, et al. (2012). In vitro release and irritation of
ocular sirolimus chitosan-coated liposomal in-situ gels. China Pharmacist
15:609-12.



	Research progress of ophthalmic preparations of immunosuppressants
	Abstract
	1. Introduction
	2. Cyclosporine
	2.1. Nanoparticles
	2.2. Liposomes and NLCs
	2.3. Micelles
	2.4. Implants

	3. Tacrolimus
	3.1. Microparticles
	3.2. Liposomes
	3.3. Micelles
	3.4. Solubilized aqueous solution
	3.5. In situ gel

	4. Sirolimus (Rapamycin)
	4.1. Microparticles
	4.2. Liposomes and NLCs
	4.3. Micelles
	4.4. In situ gel

	5. Everolimus
	5.1. Nanosuspension
	5.2. Micelles
	5.3. In situ gel

	6. Patented and marketed drugs
	7. Summary
	Acknowledgement

	Disclosure statement
	Ethical approval statement
	Funding
	ORCID
	References



